Abstract The spatial position of the Mušnica River catchment in the Dinaric Karst results in specific conditions of the drainage, distribution and chemical characteristics of the surface water and groundwater. This catchment is mountainous, located between 930 and 1985 m above sea level. The chemical characteristics of the waters are strongly dependent on the local lithological composition and the precipitation regime. The dominant cations are Ca 2+ and Mg 2+ , and anions HCO 3 -and SO 4 2-. The surface water is characterized by low and medium mineralization, with resultant soft, medium-hard and very-hard total hardness levels. The groundwater is more mineralized than the surface water. Gacko Town and its associated thermal power plant, Gacko 1, which are located in the southern part of the Mušnica River catchment, have no modern facilities for sewage and wastewater transport or treatment. In order to prevent further water quality deterioration and to enable its sustainable use, it is recommended to ensure adequate protection measures in the catchment area. Les eaux de surface sont caractérisées par une minéralisation moyenne à basse, avec une dureté totale résultante douce, moyennement dure ou très dure. Les eaux souterraines sont plus minéralisées que les eaux de surface. La ville de Gacko et sa centrale thermique Gacko 1, qui sont situées dans la partie méridionale du bassin versant de la rivière Mušnica, n'ont pas d'installations modernes pour le transport ou le traitement des eaux usées. Afin de prévenir toute nouvelle détérioration de la qualité de l'eau et de permettre son utilisation durable, il est recommandé de prendre des mesures de protection adéquates dans le bassin versant.
INTRODUCTION
The Mušnica River catchment is located in the southeast of the Republic of Srpska and Bosnia and Herzegovina, between co-ordinates 43 • 06 08 -43 • 16 4 N and 18 • 26 04 -18 • 41 42 E (Fig. 1 ) in the region known as Eastern Herzegovina. The areal extent of the catchment, including the Srd --evići hydrological station, is about 208 km 2 (Banjak 2007) .
The prevailing climate, soils and natural vegetation within the catchment primarily support farmland used for both agriculture and stock-grazing. In 1983, the thermal power plant Gacko 1 (hereinafter, TPP Gacko 1) was constructed in the southern part of the Mušnica River catchment, near Gacko Town and, in recent years, it has become the major source of the atmospheric, soil and groundwater pollution in the study area. The power plant burns a low-quality lignite fuel, which is extracted from an adjacent open-cast mine. However, there is a problem with wet-deposition of the ash, which is pneumatically transported from an electrofilter to an improvised collector where it mixes with water to form a slurry. This mixture of ash and water is formed in such a ratio that there is an excess of water, which then overflows above the settled ash in the ash lagoon. This excess water, with a typical value of pH 12.4, is firstly pumped into a collector inside the mine area where it is then diluted with atmospheric water. This mixture is then discharged into the nearby Gračanica River, a major tributary of the Mušnica River (Banjak 2007) .
Gacko Town has no sewage and wastewater transport and treatment facilities. Its partial sewer network consists of a main drainage channel with an associated street network and collectors, including sidechannels for storm water, all of which are then directly discharged into Gatačko Polje (see Fig. 2 ) without any treatment. The wastewater from the village of Avtovac is also discharged into the River Mušnica.
There are no proper facilities for disposal of solid waste anywhere in the catchment area. Municipal waste from Gacko is disposed of in the catchment area of the Srnj spring, which is one of the potential sources for Gacko's water supply.
In the Mušnica River catchment, the geological formations are developed from the Upper Triassic to the Quaternary (Fig. 2) . The northern and northeastern parts of this catchment are covered by low-permeable and impermeable Upper Cretaceous flysch (limestone breccia and conglomerate, sandy and marly limestone, marl, greywake and siltstone). Gatačko Polje (Gatačko Field) forms the centre of the study area and is composed of low-permeable Neogene sediments. These consist of conglomerate, sand, clay, coal beds and marl. The southwestern part of the catchment is generally composed of Lower Jurassic marly limestone, limestone with nodules of chert, Upper Jurassic reef limestone and Upper Cretaceous limestone and dolomite.
The tectonic framework of the study area is very complex, as it is situated in the boundary zone between the Inner and Outer Dinarides. The prevailing structures are obductional with the direction of movement towards the southwest. These tectonic units are separated on the Geology of Gacko map of the catchment as "Old Montenegrin" and "Kuči" (Institute of Geological Research 1974) .
The topographic elevation in the Mušnica River catchment is subdivided into three geomorphological units: Gatačko Polje, Ponikve Plain and the edge of the mountains (Fig. 3) . Gatačko Polje (areal extent 90 km 2 ) is the lowest geomorphological unit in the catchment, located between 932.8 and 1000 m a.m.s.l. This karst polje consists of two hydrologically interconnected parts: Great Gatačko Polje and Small Gatačko Polje. Ponikve is a rugged fluvial, karst plain, ranging in altitude from 1100 to 1250 m a.s.l. (Fig. 3) . The highest geomorphological unit consists of the mountain rim areas of the Bjelašnica (1866 m), Živanj (1696 m) and Lebršnik (1985 m) mountains.
Rainfall in the Mušnica River catchment region is among the highest in this part of Europe. The mean annual precipitation from 1961 to 1990, monitored at eight meteorological stations, was 1687 mm. The period of highest rainfall occurs between October and March, with a monthly minimum of 141.2 mm (February) and maximum of 223.7 mm (November). The range of precipitation during the dry season, from April to September, is between 60.3 mm (July) and 145.5 mm (April). The average annual temperatures are 8.2 • C at Gacko (951 m a.s.l.) and 5.9 • C atČemerno (1305 m a.s.l.) (Banjak 2007) .
GROUNDWATER
The zonal arrangement of Gatačko Polje, being at almost the highest location within the step-like system of Dinaric karst poljes, causes complex and specific hydrogeological conditions of drainage and distribution of groundwater, for which the Adriatic Sea is the absolute erosion base. Below Gatačko Polje, other karst poljes (e.g. Cerničko Polje, Fatničko Polje) act as regional or local drainage bases, leading in a stepwise fashion toward the base level of erosion at the Adriatic Sea (Fig. 4) .
In the northwestern part of Gatačko Polje there is a swallow hole (ponor) zone at Srd --evići (932 m a.s.l.), which serves as outlet of much of the Mušnica River water. This is the start of the longest continuous underground flow, which ends at the Trebišnjica Springs near the town of Bileća. When the water table is high, the part of the water which sinks at Srd --evići discharges out of Vilina Pećina, a spring cave on the edge of Cerničko Polje, from where it emerges to form the short surface flow named the Ključka River, which flows for only 350 m across the width of Cerničko Polje, before it sinks again into the Ključki Ponor at 818 m a.s.l. The water then reappears on the surface in the intermittent springs Baba and Obod in Fatničko Polje. From these sources, the River Fatnička Rijeka begins its 4.5-km flow across Fatničko Polje. It then sinks again through a variety of karst windows and swallow holes, the largest being Pasmica Ponor, located at the southeastern edge of the karst polje. Finally, just south of Bileća, and after about 17 km of underground flow, the water appears once more from the Trebišnjica Springs, filling the artificial Bileća Reservoir. The Bileća Reservoir, with a volume of 1270 × 10 6 m 3 , has multiple uses: public water supply, recreation, fishing and hydro-electricity production (Milanović 2006) .
The most intensive water circulation occurs in the periods when the water table is high, usually during and after heavy rainfall. It takes five days for the water to travel the distance of 34 km between Srd --evići and the Trebišnjica springs. However, during dry periods, it takes 54 days for the water to travel the same distance (Energoinvest 1967) .
SURFACE WATER
The principal sources of surface water in the study area are the Mušnica River, including the Vrba and Klinje reservoirs, and its tributary, the Gračanica River (Fig. 1) . The Mušnica River flow regime is generally dependent on the seasonal rainfall: peak streamflows, as indicated on hydrographs, occur from October to April, while the minimum flows occur from May to September. According to Banjak (2007) , the Mušnica River flow at the Srd --evići hydrological station varies between Qmin < 0.09 m 3 /s and Qmax = 245 m 3 /s . The average flow at the Srd --evići is 8.02 m 3 /s.
The Mušnica River terminates in the Small Gatačko Polje, where the flow sinks into the many ponors along the border of the polje. Of these ponors, the Srd --evići Ponor has the greatest capacity (Qmax ≈ 60 m 3 /s), whilst the Šabanov Ponor is the last one at the downstream end of this karst polje (Milanović 2006) .
METHODOLOGY
The water samples were collected from the Trebišnjica Hydro Power Plant Company (HET), mostly four times per year between 1997 and 2004. Samples were analysed for the major ions (Ca 2+ , Mg 2+ , HCO 3 -, SO 4 2-and Cl -), air and water temperature, colour, turbidity, odour, taste, rN, dissolved oxygen, oxygen saturation, BOD 5 , COD (with KMnO 4 ), CO 2 , electrical conductivity, total dissolved solids, total hardness, alkalinity, permanent hardness, SiO 2 , NH 4 + , NO 2 -, NO 3 -, P, Fe and Mn (Table 1) . On two occasions during the period 1997-2004, samples from the Mušnica River catchment were taken for analysis to the external laboratory at the Geoinstitute of Belgrade, Serbia, where, besides the regularly monitored parameters, values for Na, K, Zn, Cr, Pb, As, Se, Sr, B, U and SiO 2 were also determined.
Water samples were analysed at the water laboratories of HET and the Geoinstitute of Belgrade, following protocols according to the Analytical methods for the examination of the surface water (Official Gazette of the Republic of Srpska 2001). Standard procedures were used for physical-chemical determination using volumetric (titrimetric), colorimetric and instrumental methods.
Sampling was performed at seven locations along the Mušnica River, including the reservoirs, and on its tributary, the Gračanica River. The sampling sites were: the Mušnica River at Srd --evići; the Mušnica River at Avtovac; the Klinje Reservoir; the surface of the Vrba Reservoir; the bottom of the Vrba Reservoir; the Vrba River and the Gračanica River (Fig. 1) .
The analytical results for ionic content were processed using the Waterloo Hydrogeologic AquaChem 3.7 software. The concentration of the missing ion (sodium) from HET samples was calculated using "Calculate/Find Missing" option. Data quality of the samples sent to the Geoinstitute was further assessed using the charge-balance between the sum of cations and anions, expressed in meq/L.
CHEMICAL COMPOSITION
The prevailing surface water type in the Mušnica River catchment is Ca-HCO 3 . This water type is, in fact, a reflection of the predominant carbonate material (limestone and breccia) in the study area. The other water types (Ca-Na-HCO 3 -SO 4 , Ca-Mg-HCO 3 , Ca-HCO 3 -SO 4 ) are probably formed by more mineralized groundwater infiltration (Fig. 5 ).
Temperature
The surface water temperature show similar trends to those of the atmospheric temperature (Fig. 6) . A minimum temperature of 1 • S was observed at the surface of the Vrba Reservoir (25 March 2003) , while the maximum of 27 • S was observed at Avtovac (14 July 1998). Number of samples 
pH
The surface water in the study area is alkaline, with a pH value of 7.2-9.1, corresponding to the carbonate water system. The lowest pH was found at the bottom of the Vrba Reservoir, which suggests a high content of free CO 2 . The highest pH value was found at Avtovac.
Dissolved oxygen and BOD
The dissolved oxygen content depends on the temperature, excluding the Mušnica River at Avtovac. In addition, the oxygen content decreases by depth, and the minimum value (5.64 mg/L) was observed at the bottom of the Vrba Reservoir. The maximum value of dissolved oxygen (13.21 mg/L) was observed in the Mušnica River at Avtovac (Fig. 7) . Apart from the Mušnica River at Srd --evići, the oxygen saturation in the studied surface water samples indicates a distinct positive relationship with temperature. The highest oxygen saturation level was observed during summer, with a maximum value of 170.78% measured at Avtovac, and the minimum (46.6%) was observed at the bottom of the Vrba Reservoir.
The BOD 5 does not have a clear seasonal character, but this parameter is higher during summer months, which is probably the result of decomposition of organic matter. Although, typically, the value of BOD 5 is not greater than 3 mg/L, a maximum value of 6.17 mg/L was observed at Avtovac; the minimum of 0.07 mg/L was observed at the Gračanica River sampling point.
Carbon dioxide
The alkaline conditions of the surface water indicate a low content of CO 2 and the maximum CO 2 content (17.5 mg/L) was observed in the Mušnica River at Srd --evići. The minimum value is present at several measuring sites, in concentrations below the detection limit.
Cations
The dominant cation in all the samples is calcium, with a value that fluctuates between 26.29 mg/L (Avtovac) and 82.26 mg/L (Srd --evići). The Ca 2+ content is high because of the dissolution of limestone and dolomite (Fig. 8 ). An additional source of Ca 2+ is anhydrite and, probably, the decarbonization process of wastewater from TPP Gacko 1 that is untreated when it is discharged into the Gračanica River. The Ca 2+ content in the water has a negative relationship with the temperature, which relates to the solubility change and the equilibrium movement of CO 2 relating to carbonates.
The principal origin of magnesium is dolomite, and its concentration value is lower than that of calcium. The Mg 2+ content ranges from below the detection limit in the Mušnica River at Srd --evići to 16.92 mg/L (at the same site). At the surface of the Vrba Reservoir, the Mg 2+ proportion decreases, whereas that of Ca 2+ increases (Fig. 9) . This phenomenon, which is known in karst environments (Bakalowicz 1979 , Plagnes 1997 cited in PeteletGiraud et al. 2003 , seems to correspond to discharge of groundwater previously stored in the epikarst zone. This water is more mineralized, but the water-rock contact is not of sufficient duration to reach the maximum dissolution potential of dolomite.
In general, sodium is as important a cation as magnesium. Its content ranges from below the detection limit at most measuring sites, up to 52.32 mg/L in the Mušnica River at Avtovac. The relationship between Na + and Cl -, shown in Fig. 10 , suggests a halite mineral origin for the sodium at Srd --evići. The principal sources of sodium at all the measuring sites are sediments with high Na 2 SO 4 salt content (Fig. 11 ).
An important source of Na + is, probably, wastewater from the regeneration of ion-exchange masses from TPP Gacko 1 that is discharged directly into the Gračanica River. The low correlation between Na + and Ca 2+ suggests that this is not an additional source of sodium from the cation exchange process.
The potassium content in the study area is lower than that of sodium. Its maximum value of only 1.7 mg/L was observed at Srd --evići. The principal sources of potassium are sediments with KCl (sylvite), K 2 SO 4 and K 2 CO 3 salt content. in Fig. 8 , suggests both calcite and dolomite origin for the HCO 3 -and an additional source, probably carbonic acid dissociation.
Anions
Sulphate is the most important anion after HCO 3 -. The SO 4 2-content ranges from 6.4 mg/L in the Mušnica River at Avtovac, up to 94.1 mg/L at the same measuring site. The principal sources of sulphate are sediments with Na 2 SO 4 (Fig. 11) , CaSO 4 and MgSO 4 salt content.
Concentrations of SO 4 2-tend to increase downstream in the Mušnica River catchment (Gatačko Polje), as shown in Fig. 12 . In the same area, the HCO 3 -/SO 4 2-ratio decreases with the decreasing flow, which is characteristic of the water regime during the dry season. This indicates that the surface flow is formed by groundwater from Neogene sediments, especially from the coal beds (Fig. 13) .
Additional sources of SO 4 2-are likely to be derived from the untreated municipal wastewater, together with the wastewater of the internal technological processes at TPP Gacko 1.
Chloride in the study area ranges from 0.4 mg/L at Avtovac, the Gračanica River site and Klinje Reservoir to 27.8 mg/L at Srd --evići. The principal source of chloride is sediments containing the mineral halite (Fig. 10) . The high value of chloride at Srd --evići is attributed to contamination by untreated wastewaters from both TPP Gacko 1 and local domestic sources.
Mineralization
According to the classification of Alekin (1970 ( cited in Dukić 1982 , the surface water in the Mušnica River catchment is characterized by low and medium mineralization. The total dissolved solids (TDS) range between 100 mg/L at Avtovac and 291 mg/L at Srd --evići. The highest mineralization was observed in the southern part of the study area, where the flow velocity is smallest. The groundwater, especially from the deeper water-bearing horizons, is more mineralized than the surface water, which is a result of the different hydrodynamic conditions of their genesis. According to Jokanović (1974) , the mineralization of the groundwater from the upper coal beds ranges between 196 and 644 mg/L, that from the main coal beds between 253 and 452 mg/L and that from the lower coal beds between 245 and 870 mg/L.
According to the classification of Klut (Dimitrijević 1988) , the study area is characterized by soft, medium-hard and very-hard surface water. The total hardness (TH) ranges between 5.59 • dH at Avtovac and 12.72 • dH at Srd --evići. The permanent hardness values are less than those of temporary hardness, which results from the dominant presence of HCO 3 -in all the samples (Fig. 14) . The surface water in the lowest part of the Mušnica River catchment sometimes has a higher content of nitrogen compounds. The dominant presence of faecal indicators, i.e. ammonium (NH 4 + ) and nitrites (NO 2 -), suggests that the pollution is caused by untreated household waste effluents. Both the minimum and maximum values of NH 4 + were observed in the Mušnica River at Srd --evići (0.16 and 0.9 mg/L). The presence of nitrate (NO 3 -) is unusual in the surface water, which clearly demonstrates the absence of a permanent source of pollution. The maximum value of NO 3 -(2.22 mg/L) was also observed at Srd --evići. Phosphate is produced during the final stage of mineralization of organic matter. Its content ranges from below the detection limit (all sites) to 0.9 mg/L (Gračanica River). The maximum value of phosphate is probably derived from domestic wastewater pollution and agricultural waste effluents.
Trace elements
Trace element contents in the surface water are generally very low. Their source is the carbonate sediments, but the maximum concentrations are influenced by human activities.
The iron content ranges from below detection limit (all sites) to 0. The concentrations of the elements cobalt, nickel, molybdenum, vanadium, titanium, selenium, strontium, zirconium, gallium, niobium and uranium, were found to be below the detection limit.
Water quality
The current Water Law of the Republic of Srpska classifies the surface water bodies in five classes according to their purpose and level of pollution (Official Gazette of the Republic of Srpska 2001). Some parameters used for classification of the water bodies are shown in Table 2 .
This water regulation sets objectives for quality standards for the watercourses that have to be considered in any planning processes connected with their utilization. The objective for the Mušnica River is to maintain its water in Class I (drinking water).
However, in the period 1997-2004, only six of 24 samples (25%) taken from the Mušnica River at Srd --evići were within the limits of Class I. For some parameters (e.g. oxygen saturation, phosphate, BOD 5 , sulphate), six samples (25%) were in Class II and 12 (50%) were in Classes III or IV.
In the Mušnica River at Avtovac, three of 22 samples (13.64%) were in Class I. For the relevant parameters, seven samples (31.82%) were in Class II, two (9.09%) were in Class III, nine (40.9%) were in Class IV and on (4.55%) in Class V. In the Vrba River, most of the samples (11 of 14) were in Class I. For only one parameter, phosphate, two samples (14.29%) were in Class II and one in Class III.
In the Gračanica River, nine of 18 samples (50%) were in Class I, BOD 5 and phosphate placed in four samples in Class II, two in Class III, one in Class IV and two in Class V.
Suitability for irrigation
According to the water salinity classification of the United States Salinity Laboratory (1954, cited in Subrahmanyam and Yadaiah 2001) , the surface water in the Mušnica River catchment belongs to the Classes C 1 and C 2 . The low salinity water (C 1 ) can be used for irrigation of most crops on most soils with little likelihood that soil salinity will develop. The medium salinity water (C 2 ) can be used if a moderate amount of leaching occurs. Crops of moderate salt tolerance (potatoes, maize, wheat, oats and lucerne) can be irrigated with C 2 water without any special practices (Fig. 15 ). The C 2 salinity occurs more often during the dry season, when the surface flow is strongly under the influence of groundwater infiltration. Fig. 15 Salinity of the irrigation water in the Mušnica River catchment.
The suitability of irrigation water is also judged by the sodium adsorption ratio (SAR). This parameter is determined by the measurement of sodium content, where there is an interrelationship of high sodium percentage with low total salts. The surface water samples in the Mušnica River catchment having SAR of less than 10 (Class S 1 ) are considered to be excellent water for irrigation on almost all soils.
CONCLUSIONS
A comparison of major parameters clearly shows a decrease in water quality from the upstream to the downstream part of the Mušnica River catchment. The main source of pollution is the Gatačko Polje waters, which, besides coming from TPP Gacko 1, also include various untreated wastewater discharges and runoff from unprotected landfills. This puts the water supply at risk because of the specific existence of the karst-conduit type of hydrological pathways to which water-supply points are connected.
The Bileća Reservoir water originates from the karstic Trebišnjica Springs, which in turn are also supplied by Gatačko Polje. Since the processes of contaminant transport in karst conduits are not well understood, the measurements of water quality and water flows in these and other springs is of great importance in determining the wider impacts of pollution originating from Gatačko Polje. Such measurements should be performed in dry and wet weather conditions.
However, the present water quality monitoring strategy is not suitably designed, either in relation to pollution sources or to the determination of their effects, both spatially and temporally. It considers hydrodynamic properties of different water bodies present in the catchment. A groundwater monitoring strategy does not exist and, especially in consideration of the vulnerability of karstic aquifers, it is a necessary requisite for their effective management. The monitoring strategy should, therefore, be reconsidered and properly developed along with new river catchment management plans.
In order to prevent further water quality deterioration and to enable sustainable use of the water in the future, it is necessary to provide adequate protection measures in the catchment area. Concerning the point sources of pollution, we recommend: -Safe disposal of ash from the Thermal Power Plant Gacko 1; in regard to the protection of ground and surface water and in terms of the treatment of its wastewater, consideration should also be given to wastewater recycling. -Reconstruction of old sewerage and wastewater networks and the construction of new ones where at present they are non-existent. -Reconstruction of sewage and wastewater treatment plants. -Connection of all septic tanks in urban areas to the sewerage network, and resolution of related problems for the users of rural septic tanks. -Proper design of landfills and discontinuation of the practices of dumping waste in karstic holes.
